Most Thermococcales accumulate di-myo-inositol-phosphate (DIP) as an organic solute as a response to heat stress. We have studied the accumulation of this osmolyte in the high-hydrostatic pressure adapted hyperthermophile Thermococcus barophilus. We found no accumulation of DIP under any of the stress conditions tested, although this archaeon harbors the 3 DIP synthesis genes. Lack of synthesis is due to the lack of expression of TERMP_01135 coding for the second step of DIP synthesis. In contrast to other species, the T. barophilus synthesis operon is interrupted by a four gene locus, in reverse orientation. Restoring an operon like structure at the DIP locus restored DIP synthesis, but did not have an impact on growth characteristics, suggesting that other mechanisms have evolved in this organism to cope with heat stress.
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INTRODUCTION 35
Hydrothermal vents are characterized by large temperature fluctuations from fluid 36 temperatures as high as 400°C (Cayman Trough, Western Caribbean Sea) at the heart of the vent, to 37 2°C, the average temperature of the surrounding deep ocean waters [1] . Due to this extremely steep 38 gradient and the fluctuating environment, it is expected that microorganisms from hydrothermal 39 vents express a strong thermal stress response [8] [9] [10] . In a simplistic view, the effects of heat stress 40 on cells and cell structures can be explained by a single factor, e.g. the reduced activity of water, 41 inside or in the vicinity of the cells. Under reduced water activity, improper folding of protein occur 42 and reduce or abolish protein activity, which has numerous cellular consequences [11] . A common 43 strategy among microorganisms to cope with thermal stress involves the accumulation of low-44 molecular-mass organic compounds. These are named compatible solutes, because they do not 45 interfere with cellular metabolism [2] [3] [4] . Compatible solutes of hyperthermophiles are similar to 46 those used in mesophiles, i.e. sugars, amino acids, polyols. Hyperthermophiles also accumulate 47 specific solutes, little or never encountered in mesophiles, such as mannosylglycerate (MG) [6, 12] , 48 di-myo-1,1'-inositol phosphate (DIP) [13, 14] , diglycerol phosphate and derivatives of these 49 compounds [15, 16] . While MG is accumulated mostly in response to high salinity [10, 17] , DIP is 50 usually accumulated in response to high temperatures [5, 6, 18] . Osmolytes, such as MG or DIP, 51 help maintain proper protein folding and protein function [19] and permit normal enzyme activity, 52
i.e. prevent protein denaturation, in response to osmotic and heat stress [4, 16, 20] . MG has been 53 shown to preserve protein folding through an increase of protein rigidity [21, 22] . 54
In the deepest parts of the oceans, hydrothermal vent ecosystems are also submitted to 55 extremely high hydrostatic pressures (HHP), which can reach 110 MPa, e.g. 1100 times the 56 atmospheric pressure, at the bottom of the Marianna Trench [23, 24] . HHP is known to impact 57 cellular components [25, 26] . Physically the impact of pressure bears resemblance to both aM A N U S C R I P T
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Restoration of DIP synthesis in T. barophilus 4 lowering of temperature, since it will reinforce the structure of some molecules, such as membrane 59 lipids, and an increase in temperature, since it will as well destabilize other structures, such as 60 proteins [26] . In a simplistic approach, the impact of HHP may be reduced to the Le Chatelier 61 general law of chemical equilibrium, which implies that an increase in pressure will favor the 62 smallest state in a chemical system [27] . Thus, if the volume of the native protein is smaller than the 63 volume of the unfolded protein, this protein will be stabilized by pressure, and conversely. 64
Moderate pressure often increases thermal stability of proteins [25, 28] , and consequently protein 65 efficiency is often reported [28] . Several pressure-adapted, i.e. piezophilic, microorganisms have 66 been isolated from various deep-sea hydrothermal vents [29] [30] [31] , which grow optimally at 67 hydrostatic pressures higher than 0.1 MPa. In piezophiles, some proteins show a better tolerance at 68 high pressure than their homologs from piezosensitive isolates [32] [33] [34] . In the SSB protein of 69
Photobacterium profundum this enhanced tolerance has been linked to an increase in Proline 70 content leading to increased rigidity of the protein structure [35] , a mechanism essentially similar to 71 that observed for the stabilization of proteins to osmotic and thermal stresses by the osmolytes MG 72 and DIP [21, 22] . Knowing the antagonistic or emphasizing effects of HHP and temperature on 73 macromolecular structures in the cells, it was interesting to characterize the nature of the cell 74 response to heat stress in piezophilic hyperthermophiles. 75
One of the first piezophilic isolate was Thermococcus barophilus strain MP, isolated from 76 the Snake Pit hydrothermal vent system on the Mid-Atlantic Ridge, which grows optimally at 77
Restoration of DIP synthesis in T. barophilus 6 codon of IPCT/PIPS was fused to base -63 upstream of the ATG of the IPS ORF. Proper deletion 106 was confirmed by PCR amplification and sequencing using primers located on either sides of the 107 deletion (Table 1 Reed [42] with the exception that the extraction was 128 performed for 30 min in boiling 80% ethanol. Cells were removed by centrifugation 10 min atM A N U S C R I P T 98°C under optimal pressure and salinity conditions, e.g 40 MPa and 3% NaCl. As expected, the 143 highest growth rate and largest cell yields were obtained for cultures at 85°C. Growth yields below 144 75°C and above 95°C were severely affected and could not yield enough cellular material for 145 further osmolyte extraction. Temperatures between 80°C and 90°C showed little impact on growth 146 parameters, inducing only a short, ca. 2h, growth lag, while a longer growth retardation (ca. 6-8h) 147 and reduced growth yield (0.3 log) was observed for growth at 95°C. Based on these results, 80°C 148 was chosen as the sub-optimal temperature growth condition and 90°C and 95°C were chosen as 149 supra-optimal temperatures. Atmospheric pressure was chosen as the low pressure. The supra-150 optimal pressure condition was fixed at 70MPa, which was previously shown to match growth 151 parameters for strain MP at 0.1MPa [31] .
Restoration DIP synthesis in P. ferrophilus can be attributed to the loss of one of the DIP synthesis genes, e.g. 171 the IPCT/PIPS gene, which is responsible for the conversion of myo-inositol-phosphate, into the 172 DIP precursor di-myo-inositol-di-phosphate (unpublished genome data, available from the JGI, 173 http://genome.jgi.doe.gov). However, the lack of DIP accumulation in T. barophilus cells contrasts 174 with that of P. ferrophilus, since the T. barophilus genome harbors a complete set of DIP synthesis 175
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The IPCT/PIPS gene is not expressed in T. barophilus 177
To test whether the lack of DIP synthesis could originate from poor expression of the DIP 178 synthesis genes in T. barophilus, total RNAs were prepared from cells grown under optimal 179 temperature conditions (85°C) and under thermal stress (90°, 95°C) at two pressure conditions 180 (0.1MPa and 40MPa). Interestingly, we detected the expression of only two of the three DIP 181 synthesis genes in strain MP whichever the temperature considered ( Table 2 ). The mRNA of 182 TERMP_01046, which could encode the inositol-1-monophosphatase (IMP), the last enzyme of the 183 DIP pathway, is the gene expressed at the highest levels, but did not seem to be regulated by 184 temperature. Similarly, the expression of TERMP_01135 which could encode IPS, the first enzyme 185 of the pathway, is slightly up regulated at 90°C and 95°C, although this increase is modest (Table  186 2). High hydrostatic pressure did not impact the expression levels of these two genes. In contrast the 187 expression of TERMP_01130, which could encode IPCT/PIPS, the second step of the pathway, was 188 not detected (Table 2) (Table 3) [38]. In the later two strains, the IPCT/PIPS and IPS genes are not linked (Table  208 3), while in the first three species the two genes are separated by a 4-or 5-gene insertion. This 209 insertion could code for a putative sugar transporter (PST) and be expressed in reverse orientation 210 to the IPCT/PIPS-IPS genes. The same PST is found upstream of the IPS gene in T. litoralis but not 211 in T. sibiricus. In the last species, T. nautilus, the two genes are separated by a transposase gene 212 which is in the same orientation as the DIP synthesis genes. In all other species, the intergenic 213 region between IPCT/PIPS and IPS is extremely conserved at the sequence level (Figure 3 ). To 214 explore whether the 4-gene insertion could be responsible for the lack of DIP synthesis in T. 215 barophilus, we engineered its removal and restored an operon-like structure at the IPCT/PIPS -IPS 216 locus in T. barophilus. 63 bases upstream of the IPS ORF that were conserved in the T. litoralis and 217
T. sibiricus genomes were kept in this construct (Figure 3 ) and fused to the TGA codon of the 218 TERMP_01135 ORF. This 63 pb artificial intergenic region shares extensive similarities with the 219 canonical intergenic sequence observed in other Thermococcus species (Figure 3) . Although short, 220 it contains motifs sharing similarity with the promoter sequence of Thermococcales (TATA box) and 221
is properly spaced to function as a promoter to drive the expression of IPS [46, 47] . Two 222 independent deletion mutants, Tb∆PST1 and Tb∆PST2, were produced and confirmed by 223 sequencing. As summarized in Table 4 , these deletion did not have a significant impact on growth
Restoration of DIP synthesis in T. barophilus 11 parameters of the 2 mutants, at optimal or supra optimal growth temperatures. However, the 225 accumulation of DIP could be observed in the mutants under thermal stress, e.g. at 95°C, but not 226 under optimal temperature conditions ( Figure 3, left panel) . Furthermore, transcripts corresponding 227 to the IPCT/PIPS gene were detected in the two mutant derivatives under optimal and thermal stress 228 conditions under atmospheric or high hydrostatic pressure conditions (Table 3 ). There is no 229 evidence of temperature-dependent gene regulation of the IPCT/PIPS gene, although the production 230 and accumulation of DIP only occurs under thermal stress (Table 2) , which supports the occurrence 231 of post transcriptional regulation of the accumulation of osmolytes to respond to stress in T. 232 barophilus. These results clearly demonstrate that the lack of DIP synthesis in the piezo-233 hyperthermophile T. barophilus could be attributed to the presence of the 4-gene PST cluster into 234 the IPCT/PIPS-IPS operon. The mechanism by which this inhibition occurs has not been addressed. 235
These results also strongly suggest that the thermal stress response in T. barophilus has evolved to 236 implicate other mechanisms. Different alternative thermal stress responses in the Thermococcales 237 have been described. Aspartate and glutamate have been shown to accumulate in T. kodakarensis 238 mutants in which the synthesis of DIP had been deleted [49] . In T. barophilus, we found no 239 evidence for the accumulation of these two amino acids under thermal stress. In the wild-type 240 strain MP, apartate and glutamate were estimated to represent 0.07 and 0.14, and 0.04 and 0.12 241 µmol/mg of protein at 85°C and 95°C respectively. MG has also been shown to substitute to DIP as 242 a thermal stress osmolyte in P. ferrophilus [10] . The potential for this osmolyte to substitute for DIP 243 was later confirmed in the heat adaptation of P. furiosus [48] . In T. barophilus, we notice asimilar 244 significant increase in the accumulation of MG from 0.1 µmol/mg of protein at 85°C to 0.54 245 µmol/mg of protein at 95°C. This observation suggests that in T. barophilus the absence of DIP 246 synthesis is compensanted during thermal stress by the accumulation of MG, similarly to what has 247 been observed in the other piezophilic species, P. ferrophilus [10] .
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Evolution of DIP synthesis in the piezophilic Thermococcales. 249
As mentionned above, T. barophilus is the first example of Thermococcales which is 250 unable to accumulate the osmolyte DIP as a response to thermal stress but possesses a complete set 251 of DIP synthesis genes. It is only the second species with P. ferrophilus to be unable to accumulate 252 DIP. Thus far, DIP was shown to accumulate in greater quantities under increased thermal stress in 253 all strains harboring the DIP synthesis genes. All Thermococcales have been isolated from black 
CONCLUSIONS 283
The present study demonstrate that the lack of DIP synthesis and accumulation as a 284 function of heat stress in T. barophilus is due to the presence of a 4-gene putative sugar transporter 285 located in reverse orientation between the IPCT/PIPS and IPS genes. Since the second gene of the 286 putative operon is expressed in the wild type strain, but not the first gene, the rationale for this 287 inhibition is elusive. However, the restoration of the Thermococcus-like two-gene operon restored 288 DIP gene expression and DIP synthesis in T. barophilus. To our knowledge, T. barophilus is only 289 the second example of a Thermococcales which is unable to synthesize DIP as a function of thermal 290 stress, both of which are also adapted to growth under high hydrostatic pressure. 291
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